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Abstract

We investigate regional and global-scale correlations between observed

anomalies in sea surface temperature and height. A strong agreement between

the two fields is found over a broad range of latitudes for different ocean basins.

Both time-longitude plots and wavenumber-frequency spectra suggest an advec-

tive forcing of SST anomalies by a first-mode baroclinic wave field on spatial

scales down to 400 km and time scales as short as 1 month. Even though the

magnitude of the mean background temperature gradient is determining for the

effectiveness of the forcing, there is no obvious seasonality that can be detected

in the amplitudes of SST anomalies. Instead, individual wave signatures in the

SST can in some cases be followed over periods of two years.

The phase relationship between SST and SSH anomalies is dependent upon

frequency and wavenumber and displays a clear decrease of the phase lag toward

higher latitudes where the two fields come into phase at low frequencies. Esti-

mates of the damping coefficient are larger than generally obtained for a purely

atmospheric feedback. From a global frequency spectrum a damping time scale

of 2-3 month was found. Regionally results are very variable and range from 1

month near strong currents to 10 month at low latitudes and in the sub-polar

North Atlantic. Strong agreement is found between the first global EOF modes of

10 day averaged and spatially smoothed SST and SSH grids. The accompanying

time series display low frequency oscillations in both fields.
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1 Introduction

On the annual period, large-scale sea surface temperature (SST) is primarily controlled

by local air-sea fluxes of heat (Gilll and Niller, 1973). However, details about processes

governing SST anomalies on intra-seasonal, and interannual to decadal periods are less

well understood (Kushnir and Held, 1996; Frankignoul, 1999). On these longer time

scales a substantial fraction of the memory of the climate system must reside in the

ocean, and knowing how the ocean interior communicates with the surface layers and

the overlaying atmosphere is an important issue to be solved in climate research.

In most general terms, changes in SST are governed through the heat balance in

the so-called surface mixed layer of the ocean which is strongly influenced by turbulent

fluxes of momentum and buoyancy (heat and fresh water) at the sea surface, entrain-

ment processes at its lower boundary, and by other advective and diffusive processes

within the mixed layer itself. Its vertically integrated heat and salt content varies

significantly from one season to the next, as does its vertical extent. Away from the

tropical regions, the mixed-layer depth reaches a maximum at the end of a cooling sea-

son characterized by strong winds and low air temperatures, and reaches its minimum

in summer under reversed conditions.

The general assumption is that the mixed layer is nearly decoupled from the inte-

rior ocean during the warming phase, extending through late summer. Consistent with

that picture would be that the deep ocean is dynamically shielded from the atmosphere

and consequently, that the interaction of anomalous sub-surface ocean structures with

the atmosphere is limited primarily to winter months (Cayan, 1992; Kushnir, 1994).

However, as we will demonstrate here, this concept is not entirely consistent with global

altimetric sea surface height (SSH) and SST observations. Because sea surface height

fields reflect vertical integrals of oceanic currents over much of the deeper water col-

umn, primarily the thermocline, the variability in SST and SSH should be uncorrelated
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to a good approximation except on the annual period. Instead, striking large-scale cor-

relations have been reported between both fields (see e.g., Nerem et al., 1999; Leuliette

and Wahl 1999) leading to serious questions regarding our understanding of processes

responsible for observed SST and SSH variations, their relation to surface heat fluxes,

changes in the oceanic heat content, and ocean dynamics.

To gain further insight into the role the ocean plays in setting observed SST pat-

terns, we will therefore investigate here (1) the relation between Reynolds and Smith

(1994) SST data and TOPEX/POSEIDON SSH data; (2) the relation of variations

in both fields to local surface forcing and ocean dynamics; and (3) implications of

those relations for our understanding of processes governing SST and SSH changes and

air-sea coupling mechanisms.

We will start in Section 2 with a global comparison of large-scale SST and SSH

anomalies, their EOF's and global SST frequency and wavenumber spectra. In Section

3 we will then give a discussion of SST and SSH on spatial scales smaller than about

1000km along longitude-time sections and will interpret results in terms of horizontal

advection of the temperature fields by the anomalous ocean currents. In Section 4 we

will then give a broader discussion of important mechanisms leading to observed SST

anomalies based on scaling arguments.

2 Large-scale SSH and SST Anomalies

We will begin with a comparison of SST anomalies T _ as they emerge from the

Reynolds and Smith (1994) analysis, with anomalies in SSH, _', resulting from the

TOPEX/POSEIDON altimeter data set. TOPEX/POSEIDON data from the period

October 1992 through end of 1998 were processed in a standard manner as described

by Stammer and Wunsch (1994) and King et al. (1995). Data from each individual

nominal 10-day repeat cycle (in .practice the repeat cycle is 9.92 days) were gridded



August 8, 2000 4

on a 2° by 2 ° spatial grid. The Reynolds and Smith (1994) SST analysis fields were

obtained from NCEP on a 1 ° by 1° global grid. This product is based on AVHRR

images of skin temperature which were combined with ship and buoy data into weekly

estimates of the surface bulk temperature using an objective analysis procedure (we

will refer to these temperatures as SST). We interpolated these weekly fields here onto

the 10-day TOPEX/POSEIDON cycles to match the SSH time sampling.

Because our emphasis is on anomalies not associated with the averaged large-scale

seasonal heating and cooling cycle, the annual and semi-annual harmonics were re-

moved from both data sets to obtain anomalies T _ and rf. The seasonal cycle in SST

is very pronounced, representing 95% of its variance. It represents about 55% of the

variance in SSH observations and masks most of the mid-latitude dynamical ocean

signal. The seasonal cycle in SSH represents mostly a steric effect associated with a

changing heat content of the surface layers above the seasonal thermocline. However,

in some locations, notably the North Pacific, a seasonal cycle in SSH is also related

to a mass-redistribution due to changing wind stress fields (e.g., compare Stammer,

1997), but which is not of further interest here.

2.1 Comparison of SSH and SST Anomalies

Typical examples of fields of the resulting anomalies of rf and T _ as they result from

the 10-day period July 12-21, 1996 (T/P repeat cycle 141) are shown in Fig. 1. Time-

series of both fields are given in Fig. 2 for a few representative locations in the Pacific

Ocean. The figures show a striking agreement in the spatial and temporal structures of

positive and negative T _ and rf anomalies with observed SST anomalies of order I°C. If

representing the upper 200 m depth of the ocean, this would be associated with steric

changes in SSH, rf_ = f° h o_(z)T'(z)dz (oL being the thermal expansion coefficient), of

about 2 cm. Over the bulk of the ocean this is approximately observed. However, in
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several regions, noteably the Southern Ocean, SSH changes are much larger, suggest-

ing that processes other than just upper ocean heat content changes are influencing

observed changes in sea level there.

Point-wise cross-correlation coefficients between the two anomaly fields were com-

puted over the first 4 years of data, thus excluding the 1997-98 E1 Nifio (Fig. 3a).

Correlations of up to 0.6 are found over large parts of the world oceans, most notably

the equatorial Pacific, but also the eastern mid-latitude North Atlantic and part of the

South Pacific. Note also the strong negative correlation between both fields south of

the Antarctic Circumpolar Current, which was already reported by Stammer (1997).

To test the hypothesis that the general circulation is manifested in T' primarily

during winter when the mixed-layer extends to great depth, we divided the data into

two sets: one consisting of all data northward of 50°S (leaving out the region around the

Antarctic Circumpolar Current) and another of all data northward of 20°N (the latter

representing boreal seasons) and computed the temporal cross-correlations between T'

and rf over those regions as a function of time (Fig. 3b). Prom a conventional point

of view one would expect to see higher correlations in the latter data during boreal

winter. However, little such enhancement is seen, and it appears that T t anomalies

such as shown in Fig. 1 along wave-like patterns persist throughout the year.

2.2 Global SST spectra

In Fig. 4 we show a global average estimate of the SST frequency-wavenumber spectrum

as it follows from 15 years worth of SST data between 1985 and 1997. The spectrum

was calculated as described in Wunsch and Stammer (1995) on the basis of a spherical

harmonic decomposition of global SST maps. As before, the seasonal cycle was removed

from the fields prior to the computations since it would otherwise dominate the figure.

Clearly the spectrum is red and depicts highest energy on very long wavelength and
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periods. Moreover, the figure illustrates the small amount of energy on small space and

time scale which supposedly is due to filter effects of the Reynolds and Smith (1994)

objective analysis procedure.

The spectral procedure allows to separate the energy into eastward and westward

moving components (see Wunsch and Stammer, 1995 for details) and the global average

frequency spectrum, obtained from Fig. 4 by summing over all wavenumbers, is shown

in Fig. 5a, together with its east and westward traveling components. The respective

global averaged wavenumber spectra are given in Fig. 5b. In both one-dimensional

spectra observed energy is roughly divided into equal parts between east and westward

propagating anomalies. However, there are some noteworthy exceptions. On long

wavelengths enhanced energy associated with the peak around a 5-year period can be

found moving eastward. In contrast, the short wavelength part of the spectrum displays

persistently more energy moving westward. On periods smaller than the annual cycle

the spectral slope is close to -3/2, while on longer periods it is about -2/3.

Frankignoul (1999) interpreted a similar SST frequency spectrum from the North

Atlantic in terms of a first order autoregressive Markov process (Hasselmann, 1976;

Frankignoul and Hasselman, 1977)

OtT'= F"- AT', (1)

where F_ represents white-noise atmospheric forcing and A is a net feedback parameter

(being positive for negative feedbacks). The corresponding frequency spectrum can be

approximated for a << r71, by

+ A2' (2)

where _F(0) is the level of the 'white' forcing in the frequency band a << r_ -1.

We have also included in Fig. 5a the spectrum following from (2) which is based on

a globally average decay time scale for SST anomalies, A-l, of the order of 2 months.
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Different from what is expected from (2) the global spectrum in Fig. 5a exhibits a

red energy distribution up to the longest resolved periods where it thus substantially

conflicts with the notion of a simple first order arkov process driven by white atmo-

spheric "noise". Frankignoul (1999) found similar behaviour in spectra for the first two

EOF modes from the North Atlantic. An explanation for the red character of the spec-

trum could be that in our estimate areas are included, such as the tropical latitudes,

where the above atmospheric forcing model (1) does not adequately account for the

contribution of low-frequency forcing. To investigate to which extend this decay time

scale is related to the global averaging procedure, we also computed regional estimates

of A but as e-folding time scales estimated from monthly mean SST anomalies by fitting

the autocorrelation function appriopriate for a first order arkov process

Rr(7) =e -_l'l (3)

at each individual geographical position (Fig. 6). Observed values/_ for r > 0 were

weighted by a factor lIT 3, thus giving most weight to small lags. The figure clearly

shows substantial geographical variations in the decorrelation time scale and yields

numbers ranging from more than 10 month in low latitudes, down to just a month or

shorter at various mid-latitude locations.

While our results from the eastern North Atlantic are in general agreement with

previous estimates from this area (e.g. Franignoul et al. 1998), it is interesting to

see substantially longer persistence at most low-latitude locations and in the subpolar

gyres of the North Pacific and North Atlantic. Wave dynamics may play a significant

role in low latitudes. However, in extratropics it can be expected that it is the imprint

of winter time atmospheric forcing on the ocean and its slow diffusive-advective ad-

justment over most of the following year that matters. Thus, although appropriate for

the mid-latitude North Atlantic, the non-advective model (1), with F_ being defined

as stochatic atmospheric forcing, is inadequate in explaining a substantial fraction of
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(low-frequency) SST variability in many parts of the world oceans, including major

current systems and large parts of the North and South Pacific.

To further investigate the causes and the statistical significance of these variations,

Fig. 7 depicts examples of T', R and _r from three different locations. At 30.5°N,

330.5°E, SST is characterized by a fairly short decorrelation time A-1 of 2.1 months,

which is close to what is expected due to an atmospheric feedback (damping). The

levelling-off of the spectrum at low frequencies is as predicted by (2). Advection is

expected to be small here, but may cause somewhat smaller estimates of A-1 for small

scale SST anomalies. East of New Zealand at (-40.5°N,180.5°E), where mean circula-

tion maps indicate an intense western boundary current, a similar decay behaviour is

found for short time lags, but at longer periods SST is significantly effected by low-

frequency processes. This is even more so at equatorial latitudes where the atmospheric

forcing is not white but rather determined by ocean variability on much longer time

scales. It can be seen that for such conditions the spectrum tends to stay red up to

the longest periods resolved.

2.3 Global EOF Analysis of SSH and SST

From Fig. 5 it is apparent that the largest fraction of energy of SST anomalies is found

on large spatial scales. To further investigate those large-scale (larger than 1000kin)

anomalies present in r/' and T' and their relation to surface heat fluxes, we performed

an empirical orthogonal function (EOF) analysis on the rf and T' fields. A global

EOF analysis is complementary to a global spectral description by allowing depiction

in the space and time domain of the dominant spatial structures in those fields. The

first four modes, representing 39% of the observed variance in SST and 37% in SSH,

are shown in Fig. 8. Their temporal structures are presented in Fig. 9. We used

data corresponding to the first 156 TOPEX/POSEIDON cycles, thereby excluding the
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recent extreme 1997-98 E1 Nifio which would otherwise dominate the entire variability

signal (compare e.g. Nerem et al., 1999; Leuliette and Wahr, 1999). In both cases

structures are surprisingly close to each other, both in spatial pattern and especially in

time expansion. The spatial pattern of EOF 1 show in both cases a strong resemblance

with basin scale anomalies as seen in Fig. 1. These first EOF modes are similar to the

third EOF modes presented by Nerem et al. (1999) and Leuliette and Wahr (1999).

We find here also for higher modes a remarkable agreement in space and time patterns

of SSH and SST anomalies. The agreement lies primarily in low frequency oscillations

at large spatial scales. Wang and Koblinsky (1997) showed that large scale seasonal

changes in SSH in the eastern North Atlantic can be related to surface heat fluxes, in

a similar fashion as for SST tendencies (Gill and Niiler, 1973; Yan et al., 1995). The

fact that independent investigations have shown similar patterns of global changes in

both SST and SSH suggests that atmospheric connections in one way or another effect

both fields globally.

3 Small-scale SSH and SST Anomalies

3.1 Time-Longitude Sections

Although anomalous heating (cooling) forces the water column to expand (contract),

leading to dynamically passive anomalies in rf fields, much of the low frequency vari-

ability in surface elevation appears to be in the so-called first vertical dynamical mode,

representing the bulk vertical motion of the deep isotherms (see Wunsch, 1997), and

much of that motion in turn can be represented as the propagating free planetary

Rossby wave in the ocean. As an example, Jacobs et al. (1994) associated large scale

patterns such as those present in Fig. 1 across the North Pacific as being the signa-

ture of a first-mode Rossby wave originating from an earlier ENSO event. The fact
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that similar patterns clearly emerge also from SST suggest that those 7' structures are

instead locally driven through air-sea fluxes, or that the SST fields at least to some

extend show clear signals of large-scale wave dynamics. Westward traveling signals in

the SST anomalies could be an important indication for the impact of ocean currents

on observed SST.

To further highlight the latter possibility, we investigate here time longitude sections

of both SSTand SSH from various extra-tropical latitudes in the North Pacific between

5.5°N and 37.5°N. The zonal sections of sea surface height were obtained from along-

track data by space-time optimal interpolation onto the SST 1° grid. The resulting

_/' sections are characterized by westward propagating, relatively small scale features

(top panels of Fig. 10) while SST anomalies (top panels in Fig. 11) are dominated by

high-frequent fluctuations on near basin-wide scales. Similar analyses were performed

for zonal sections in the South Pacific (Fig. 12) and North Atlantic (Fig. 13). Note

that the western part of the 15.5 ° North Atlantic section is actually an extension into

the Caribbean.

In general terms, the characteristics of SST and SSH anomalies from all basins

are similar to those in the North Pacific, with SSH being characterized by westward

propagating Rossby waves and SST being characterized by relatively faster fluctuations

on large zonal scales. However, some westward propagation is clearly evident even in

the unfiltered SST anomalies. Note that the 1997-98 E1 Nifio signal is evident both

in the North and South Pacific SSH as well as SST fields along the 5.5°N/S and

15.5°N/12.5°S sections.

To gain further insight into the existence of such propagating signals we band-pass

filtered both fields using the Loess smoother (Schlax and Chelton, 1992) with high pass

filtering in longitude and low pass filtering in time using a cut-off wavelength of 4000

km and cut-off periods of 24, 45, 60 and 90 days respectively for the four sections. This

procedure allows for shorter periods at lower latitudes in recognition of the dispersion
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relation for linear Rossby wave dynamics. The resulting 'small-scale' anomalies are

also displayed in Figs. 10 to 13.

Examples of the large-scale r/and T _ residuals (the difference between the original

and the small scale fields) from the North Pacific are shown in the middle panels of

Figs. 10 and 11. Quite clearly, both fields show substantial large-scale high-frequency

fluctuations at various latitudes. Large-scale fast perturbations in SSH have been

discussed recently in Stammer et al. (2000) in terms of their relation to fast barotropic

fluctuations of the ocean due to time-varying wind stress fields. Consistent with their

study, those signals are large in the North Pacific, but are actually present throughout

the world ocean. It is quite surprising to see a very similar signal here also in SST

suggesting that the barotropic flow component of the ocean has a potential impact on

SST

From the small-scale North Pacific anomaly fields (Figs. 10 and 11) several obser-

vations can be made:

1) In both fields there are pronounced westward moving anomalies with strikingly

similar phase speeds. However, structures are clearly not homogeneous in space and

time and are seemingly localized in space for SST at various latitudes.

2) At 5.5°N, propagating features show up in both fields in the eastern part of the

section during various periods of the data record, predominantly in late fall. These

phenomena look strikingly similar in both fields and show about the same interannual

variability in strength and zonal extension. Chelton et al. (1999) discuss the relation

of these 7' features to Tropical Instability Waves, while Allen et al. (1995) report

similar observations from SST data. In agreement with these earlier discussions we

observe here apparent interannual modulation of the wave generation, most notably

their disappearance during the 1997-98 E1 Nifio. In the South Pacific (Figs. 12) Tropical

Instability Waves are observed as well but they appear to be nearly absent in the North

Atlantic.
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3) Along 15°N, SST anomalies are very pronounced near the eastern boundary,

while the SSH appears strong over the entire width of the section. At higher latitude,

SSH and SST are both more enhanced on the western side.

The presence of westward propagating Rossby waves in altimetric sea level fields

has by now been well documented. Less common have been reports of observed waves

in satellite based SST fields. Most early studies have focussed on areas characterized

by strong eddy variability and pronounced frontal structures where sharp water mass

contrasts reach to the sea surface (Legeckis et al., 1975; Bernstein et al., 1977) whereas

others concentrated on the North Atlantic Subtropical Convergence which has been a

popular area for extensive field experiments (Voorhis et al., 1976; Halliwell et al., 1991).

Rossby wave structures were also reported recently from a regional study of SST and

SSH slopes in the North Atlantic (Cipollini et al., 1997). It is obvious from Figs. 1 and

10 to 13, however, that planetary wave patterns are a truly global phenomenon in both

T _ and _ fields.

Along various sections, most notably 5°N and 5°S in the Pacific, eastward traveling

T' anomalies can be detected which seemingly emerge from the western boundary.

They suggest reflected planetary wave signal, but are only weakly indicated here in _7_

(more tuned filtering however will bring out this signature more clearly, as in Fig. 6

in Chelton et al., 1999). A complex atmosphere-ocean interaction is possibly involved

in the creation, propagation and ultimately the decay of these anomalies (see also

Frankignoul (1985) for more details).

To understand the processes leading to the above SST anomalies, we need to go

back to theoretical considerations of processes governing changes of the near-surface

SST field (e.g. Frankignoul, 1985). Denoting T' - T - T as the anomalies from a

seasonally varying mean background state, the evolution of resulting SST anomalies
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can be approximated by

(0_ +_V)T'- (hu)'. VT h' -- _ - --_O_T -
h h

_ Q,_ Q_[r(we)w_(T Th)]'+ _ + _V2T,,
h pcph

(4)

where T and u represent temperature and horizontal current velocity vertically inte-

grated over the depth h of the mixed layer, we denotes the entrainment velocity at

its lower boundary, with F(we) -- 1 for we > 0 and F(we) = 0 otherwise, ,_ is the

eddy diffusivity, representing mixing on all unresolved scales, and the net heat fluxes

through the sea surface and through the bottom of the mixed layer are denoted Q and

Qh respectively.

Neglecting mixed-layer depth anomalies and heat fluxes through the mixed-layer

base, and approximating the mean temperature gradient by its meridional component,

equation (4) can then be rewritten as

OfT' + _VT' = -v" O_T- v'_ OuT- [r(we)w_(T- T_)]' Q'
+ _ + aV2T ', (5)

where the velocity in the first right hand side term in (4) was split into a quasi-

geostrophic eddy flow field u s and an anomalous time-varying ageostrophic Ekman

velocity uB - (r' x k)/(pfh).

To further investigate the impact of the ocean flow field on observed 'small-scale'

SST anomalies, we will invoke in the following a simplified heat balance in the form

OT' OT' g OT 0_'

= -_ Oz f Oy Ox + n_ - AT' (6)

i.e. a balance between local changes in T _ and advection by the mean current, and

meridional advection through a planetary wave field acting on the background temper-

ature gradient in the presence of dissipation, represented by a feedback coefficient A.

The term na represents noise originating from neglected atmospheric forcing processes.

Note that the meridional geostrophic velocity in (6) was substituted from the zonal
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altimetric sea surface slope. Primed quantities are as before anomalies relative to the

mean seasonal cycle.

Plotted in Fig. 14 is the rms variability (in time) of the small-scale SSH and SST

anomalies, and 15 shows the magnitude of the boreal winter and summer meridional

temperature gradients OT/Oy, evaluated from the monthly mean Levitus and Boyer

(1994) SST climatology. Quite clearly and in good agreement with (6), amplitudes

of propagating SST anomalies are relatively large in those parts of the sections where

the magnitude of the meridional temperature gradient is enhanced, thus giving rise

to a more effective anomaly forcing by the surface wave field. This is especially clear

for the Pacific at 15.5°north and 12.5°south, and the 15.5 North Atlantic section. At

12.5°S, the SST anomalies are enhanced along both boundaries which is consistent

with the increase of SSH variability towards the west and the large meridional tem-

perature gradient on the eastern side (at least during a large fraction of the year).

Something similar is observed at 25.5°in the North Atlantic. For the Pacific 5.5°N and

5.5°S sections, as well as at 3.5°N in the Atlantic we observe a reversal of the temper-

ature gradient as compared to the higher latitude sections, implying an increase of the

surface temperature poleward. In the Atlantic this reversal takes place at a longitude

of approximately 10°W, which appears to be related to some peculiar behavior of the

SST anomalies there (Fig. 13).

It should be noted that we observe no obvious seasonal cycle in the relation between

the wave-like patterns in _t and Tq Instead, anomalies exist throughout the year

(in some cases they can be followed in the SST data over one or two years) quite

independently from any anomalous interaction with the atmosphere.
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3.2 Zonal Frequency-Wavenumber Spectra

Zonal frequency-wavenumber power density spectra of SSH and SST were computed

from the time-longitude sections of Figs. 10 to 12 by applying a 2D FFT algorithm.

We show here their autospectra for the North Pacific (Fig. 16) and South Pacific

(Fig. 17). Only those parts of the sections were used were a strong correlation on

Rossby wave scales between SSH and SST is suggested by the time-longitude plots. In

all cases a minimum length of 50 was required, but the resolved zonal wavenumbers

differ slightly between the different sections due to the resulting differing zonal span

and the increase in the zonal sampling density with latitude. Positive and negative

wavenumbers indicate eastward and westward propagating structures and frequency

is defined to be positive. In order to increase the confidence level of the estimates, a

moving averaging window over 5 by 5 points was applied in the frequency-wavenumber

domain, thereby increasing the number of degrees of freedom for each estimate from

2 to 50 (however, only every 5th frequency and wavenumber estimate is therefore

independent).

Quite noteticable along all latitudes is the enhanced energy in both fields near the

theoretical first mode dispersion curve (plotted as solid lines) for the first-mode baro-

clinic Rossby waves corresponding with the respective latitude. The curves are based

on the Rossby deformation radius estimates of Chelton et al. (1998). Especially, the

maximum energy along 5.5 °N associated with the instability waves coincides with

the maximum frequency possible for this mode at the upper turning point of the dis-

persion relation. The substantial amount of eastward propagating energy in the SST

fields is quite obvious from the SST spectra but is lacking from the SSH spectra at

most latitudes. Among others, Chelton and Schlax (1996) investigated the agreement

of SSH observations with the theoretical Rossby wave dispersion curve, and noted that

resolved wavenumber-frequency combinations show a tendency to depart from the dis-
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persion curve towards higher frequencies (compare also Zang and Wunsch, 1999). We

additionally find here a strikingly similar result for SST data.

Halliwell et al. (1991) noted this energy shift relative to the theoretical dispersion

curve in their previous SST analysis of the western North Atlanic which they explain

partly in terms of the doppler effect of the mean flow field on the Rossby wave phase

speed. To test this suggestion, we have plotted in Figs. 16 and 17 as dashed curves the

theoretical dispersion curve which take into account the effect of the mean background

flow field. These curves are based on estimates of monthly mean zonal surface velocities

from ship drift data (Richardson and Walsh, 1986). While some improvement can be

seen for the 15°N and 12.5°S latitudes (and especially the 15°N North Atlantic section,

not shown), the estimated effect of the mean flow field does not seem to generally

remove the discrepancy between the observed and theoretical energy distribution.

Although the accuracy of the mean flow velocity estimates which we use here is

debatable, it seems plausible that the shapes of the observed energy spectra are largely

determined through a mixed layer temperature model that is forced by anomalous

geostrophic currents as in (6). In that case the relation between the autospectra of

SST, _)T, and SSH, ¢7, can be described using the zonal-time Fourier transform of

that equation (see also Frankignoul and Reynolds, 1983; Halliwell, 1991):

a2k 2

_(k,o) = °2 + A2 _,(k,°) + _ (7)

where

g cOT
- (s)

f Oy

The term (I)a represents white atmospheric noise, and it was assumed that _ --- 0. Esti-

mates of _)T for the North Pacific are included as the lower panels in Fig. 16. Although

not unlike the spectra of the observed temperature anomalies, the predicted SST power

in the North Pacific is found at higher wavenumbers than observed, especially in low

latitudes.
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To obtain estimates of _T, values of the feedback coefficient A were chosen such

that on average the predicted power densities are comparable with the observed values.

As suggested by Rahmstorf and Willebrand (1995), the feedback might depend on the

spatial scale and it might then not be possible to find a single coefficient valid for the

entire range of wavenumbers resolved here. The used feedback coefficients vary from 22

year -1 at 15°N to 53 year -1 at 37.5°N. These values are higher then may be expected

for purely atmospheric feedback. Halliwell at el. (1991) suggested that these values

compensate for unmodeled mixing effects which result in a fairly strong damping of

SST anomalies.

3.3 Coherence Spectra

The squared coherence, phase lag and gain between SSH and SST, computed from the

cross-spectra for each section, are shown in Fig. 18. As mentioned earlier, the phase

difference between SSH and SST might give insight into the linking mechanism between

both fields. In addition, the squared coherence can be interpreted as the fraction of

variance in SST that can be explained as a linear function of SSH. It is in effect an

indication of the validity of (6).

The highest coherence values are found at 5.5°N for the frequency band correspond-

ing to the Tropical Instability Wave regime which dominates the (small scale) energy

spectrum at this latitude. The squared coherency reaches maximum values of more

than 0.8 for a few frequency-wavenumber combinations, implying that more than 80%

of the observed SST variance can be explained as a linear function of SSH. The phase

difference is close to 180 ° (a mean of 166 °) for (k, a) combinations where the squared

coherency is larger than 0.7.

At 15.5°N, significant coherence values with a maximum larger than 0.6 are found

for waves with periods of about half a year and wavelengths of approximately 900 km.
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Reduced coherence values are found for the two northernmost North Pacific sections,

with maximum values close to 0.5 for 37.5°N. Coherences between SSH and SST are

generally lower in the South Pacific but show the same decreasing tendency poleward.

ost noticeable in both the North and South Pacific phase lags is the difference

between the 5.5 ° north and south sections and the other three sections. As in the North

Pacific, a phase difference of nearly 180 ° is found at 5.5°S for frequency-wavenumber

combinations associated with the Tropical Instability Wave regime. It can be seen

from Fig. 15 that the 180 ° phase lag for these sections is accompanied by a reversal of

the meridional temperature gradient. This phase lag difference with the other sections

can not be explained in the framework of an SST variability forced by vertical flow,

which would result in largely identical phase signatures for all the sections, and instead

points towards horizontal advection as the primary forcing mechanism. The phase

lag between SSH and SST for the other sections appears to decrease with increasing

latitude. In the North Pacific decrease is observed from about 70 ° at 15.5°N to almost

0 ° at 37.5°N. For the three southernmost sections the phase lag of SST with respect to

SSH yieds (from north to south) 29 °, 26°and 15 °, respectively.

The observed gain and phase lags (Fig. 18) can be compared with those predicted

by (7). The associated gain and phase of the transfer function are given by:

a(k, a) = I_kl
+ (9)

and

e(k,a) = tan-1 (_) . (10)

(If c_k < 0 then 7r should be added to the phase.) It can be seen from (10) that the

presence of feedback mechanisms introduces a phase lag between SST and SSH which

would otherwise be zero. Observed gain and phase values at those (k, a) combinations

where the highest coherence was observed, together with relations (9) and (10), were
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used to infer appropriate values for the feedback coefficient A. Values computed using

the gain function were generally higher than those obtained using the phase relation,

and large differences between the two estimates are possible. We present values ob-

tained for the North Pacific. At 15°N the resulting phase-based estimate of 22 year -1

agrees well with the estimate from the previous section. At 5.5°N a value of 15 year -1

is found, while at 25.5°N and 37.5°N we obtain values of 52 year -1 and 31 year -1

respectively, suggesting a more effective damping towards higher latitudes.

A possible explanation for the decrease in coherence between SSH and SST at

higher latitudes is the decrease in first-mode baroclinic wave speed. For low forcing

frequencies other processes which have largely been neglected here, such as advection

by the mean current, entrainment, recurrence, seasonal modulation, mixed-layer depth

variability, or even mass-redistribution, might become important. The atmospheric

forcing model (1) should become more appropriate at higher latitudes, thus increasing

the noise, and further decreasing the coherence between SST and SSH. Goodman and

Marshall (1999) discuss the coupling mechanism between SST and the oceanic stream

function _ supported by their analytical atmosphere-ocean model. They suggest that a

maximum in SST should be observed at the maximum in • (depressed thermocline, or

raised sea level), and that slow propagating waves should create larger SST anomalies.

This is what appears to be observed for the mid-latitude sections where we find small

phase differences at low wavenumbers and frequencies.

4 Scaling Arguments

Obviously the agreement between T _ and 7/' is good but not complete, and mechanisms

other than the advection of the mean temperature by the eddy flow field must con-

tribute in the total balance as well. In the following we will use scaling arguments

to estimate the relative importance of other terms in the equation of the mixed-layer
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temperature (5) on 'small' scales. To do so, we inferred the dominant spatial and tem-

poral scales of interest from the wavenumber-frequency power spectra (Figs. 16 and

17) to be typically k/27r ,-,, 1/1500 cyc km -1 and a/2_r _ 2 cyc year -1 for the three

northernmost sections. Values differ slightly with latitude but seperate estimates for

the three sections did not significantly alter the results of the analysis presented here.

Typical amplitudes for SST and SSH of the order of 77' _" 15 cm, T' _ 0.75°C are found

from the filtered time-longitude plots, onthly mean meridional temperature gradients

and mixed-layer depths were computed from Levitus and Boyer (1994) temperature

and Levitus et al. (1994) salinity climatologies which yield 0_T _ 5.10-6°C m -1 and

h ,,_ 60 m. Typical mean velocities (_, _) are assumed to be on the order of 10 cm/s.

In agreement with the previous discussion we find that advection by anomalous

geostrophic currents associated with Rossby waves is of the same order as the observed

local change (aT' _ 3.10-_°C s-l), i.e., a T' _ g k 77cO_T/f. At the same time we find

that a ,-_ k _ which implies that the advection of SST anomalies by the zonal mean

(geostrophic and Ekman) current is of the same order as typical local temperature

changes. In other words, for the lower to mid-latitudes, the mean current velocity _ is

of the same order as the wave speed a/k. However, near major boundary currents and

at high latitudes, the mean current can become larger.

Eddies and waves may also change the SST by vertical advection across the mixed-

layer base. Assuming a temperature jump across the mixed layer base of AT -- 0.5°C

(this corresponds with a density change of approximately 0.125 kg m -3, commonly

used to define the mixed-layer depth), and assuming furthermore that baroclinic waves

are associated with vertical oscillations of the thermocline on the order of A _ 100

m (such that the vertical velocity w _ within the thermocline will vary with an ampli-

tude aA) the ratio of the horizontal to vertical advection terms is then approximately

(g k 77O_T/f) / (A a AT/-h) ,,_ 1, implying that it is both the horizontal advection

and the vertical movement of the isopycnals which contribute to the observed SST
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variability. However, this is most likely an upper bound, since the amplitude of ver-

tical oscillation at the depth of the mixed-layer base is very likely smaller than the

one assumed above (amplitudes decrease towards the surface with a factor of order

102 - 103). Stevenson (1983) found that for typical ODE conditions SST modifications

due to vertical advection had an amplitude of about 0.35°C. With the scaling values

assumed here, and in agreement with estimates by Frankignoul (1985), we find that the

amplitude of SST anomalies induced by horizontal advection would be about 1.13°C,

thus more than 3 times larger, a conclusion which is consistent with the observed phase

differences between SSH and SST.

With a small-scale zonal wind stress anomaly of r _ 2.5 • 10 -2 N m -2, the term

representing anomalous Ekman currents acting on the mean temperature gradient is

(r OvT)/(p.f h) _ 2.5.10-s°c s -1, which is about an order of magnitude smaller then

the local change. Similarly, based on characteristic wind stress curl amplitudes in

NCEP fields (curl(r) _ 1.10-TN m -3) we find that the vertical Ekman pumping term

(with values for AT and h as used earlier) wE AT/-h ._ curl(r) AT/(p ] h) ,-_ 1- 10 -8.

In summary, we obtained estimates of individual terms of (5) according to O(10 -7) +

O(10 -7) = O(10-s)+O(10-7)+O(10-s)+O(10-7)+diffusion. This is also demonstrated

in Fig. 19 which displayes time-longitude sections along 25.5°N in the North Pacific of

the various terms in the temperature equation (5)" 1) local SST changes, 2) advection of

the mean SST by anomalous geostrophic current, 3) advection by anomalous horizontal

Ekman currents, 4) anomalous Ekman pumping, and 5) heat fluxes. All fields were

filtered prior to the compilation using the same filter parameters that were used for the

SSH and SST fields. We used the time averaged mixed-layer depths and temperature

gradients, since seasonally varying terms were found to produce seasonal modulations

which are not seen in the temperature or in the temperature tendency. The heat flux

field is found to contain propagating signal with a signature very similar to that of the

temperature field itself. This suggests that rather than a forcing term, heat fluxes on
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these scales act as a feedback mechanism in proportion to the magnitude of the SST

anomaly as in (1) with

1 OQ'

pcp-h OT'

Focussing on the propagating signal, we find from Fig. 19 a heat flux feedback of 30-40

W m -2, which for T' _ 0.6°C leads to a decay time i-1 of approximately 30-40 days.

The atmospheric feedback found here is at the high end of estimates for large scale

SST anomalies and is not inconsistent with previous indications (Frankignoul, 1985)

that smaller anomalies have less persistence.

We must conclude that at mid-latitudes no single forcing term can account for all

low-frequency 'small-scale' SST variability. Instead, a rather complex combination of

horizontal and vertical advection and damping terms is responsible for setting observed

SST changes, whith Ekman terms apparently being of lesser importance. There remain

uncertainties in the estimation of some of these terms due to their dependence on

parameters such as AT and h, while small-scale mixing has been ignored altogether.

5 Summary

Previously it was assumed that SST observations bare little or no resemblance to

processes in the interior (subsurface) ocean. It is therefore remarkable to see how

much resemblance can actually be found between SST and SSH fields. Our analysis of

phenomena outside the seasonal frequency indicate that large-scale anomalies of open-

ocean SST and SSH variability seem to result primarily from surface-driven steric effects

rather than from advective coupling of the mixed layer with the interior ocean (see also

Nerem et al., 1999; Leuliete and Wahr, 1999). This is in agreement with results which

suggest that large scale mid-latitude changes in SST and SSH are primarily due to

local heat exchanges with the atmosphere (Frankignoul and Reynolds, 1983; Cayan,

1992; Yan et al., 1995; Chambers et al., 1997; Wang and Koblinksy, 1997).
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Typically one third of the rms SST variability outside the seasonal cycle can be

associated with wavelengths smaller than 1000km and at many latitudes small-scale

features are closely related to free first-mode baroclinic Rossby waves. These waves

create a signature in the SST field which in some cases can be followed for over a year,

thus exceeding persistence times of atmospherically forced anomalies at mid-latitudes

(Frankignoul et al., 1998). Dynamically coupled anomalies in SSH and SST have been

reported earlier in limited regions (Halliwell et al., 1991; Cipollini et al., 1997). We

show here that these features can be detected in all ocean basins extending from near

equatorial to mid-latitudes. It appears that a necessary condition for the existence of

Rossby wave-like SST anomalies is the existence of a non-zero meridional background

temperature gradient which is acted on by the wave's meridional velocity component.

However, this process for dynamically creating SST anomalies becomes less efficient

towards high latitudes, where Rossby wave phase speeds decrease substantially thus

allowing for more efficient atmospheric damping of induced SST anomalies, and where

changes in the wind will also result in changes in local oceanic dynamics, heat flux

divergences and re-distribution of mass.

Damping coefficients estimated from the phase lags between SSH and SST anoma-

lies result in values of 20-30 year -1 with some estimates far exceeding these numbers.

These numbers are much larger than those generally assumed for atmospheric feedback

in mid-latitudes (e.g., Frankignoul et al. 1998), and Halliwell et al. (1991) suggested

that they rather represent the damping effect of ocean mixing processes. From our anal-

ysis there is evidence that there is a significant coupling in the horizontal between the

surface mixed layer and the underlying layers through oceanic currents associated with

a baroclinic wave field, oreover, Fig. 7 suggests a significant influence of low-frequency

modulation of SST by ocean variability for all major current systems.

A global (area-weighted) average of local correlation scales in Fig. 6 yields an esti-

mate of 3 months. This is slightly larger than the global mean value estimated from
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the spectra given in Fig. 5a, possibly because the fit of the auto-correlation functions

is partly influenced by the low-frequency energy, while the spectrum was chosen to

match only the high-frequency part. Both numbers are considerably larger than those

obtained for the small-scale transient anomalies which instead yield a decay-timescales

between 0.2 and 0.3 months - roughly an order of magnitude smaller than those found

for the large-scale anomalies.

Different from the Halliwell et al. (1991) assertion of ocean mixing, Rahmstorf and

Willebrand (1995) used a scale-dependent parameterization of the air-sea coupling.

Although applicable in a very different context, it is remarkable to find that their

choice of inverse coupling coefficients of 0.8 month and 1.6 month for anomalies on

spatial scale of 400 km and 1000 km respectively, is strikingly close to the estimates

we obtain here from time-longitude plots for feedback on similar scales.

The major conclusion of this paper is that a significant fraction of the low-frequency

variability of SST is connected to dynamical processes which extend over the entire

oceanic water column. Understanding of the joint evolution of the coupled ocean-

atmosphere, which defines much of the climate system, will therefore necessarily require

accounting for oceanic circulation structures and variability not now represented in

models. As the data sets lengthen and the known or suspected errors in them are

removed, a fuller description of the air-sea coupling as a function of position, and of

time and space-scales will become possible.
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Figure Captions

. Fig. 1: Instantaneous (10-day averaged) maps of sea surface height and SST

anomaly fields from the period July 12-21, 1996 (T/P repeat cycle 141). Both

fields represent off-seasonal anomalies, i.e., anomalies relative to a four-year mean

seasonal cycle of the data. Additionally they were smoothed in time by a 30-

day moving average window, and in space using a Shapiro low-path filter which

removes all energy on the 2 ° grid spacing.

o Fig. 2: Timeseries of T t (solid, red line) and _' (dashed, blue line) from various

locations of the Atlantic Ocean. Correlations between the two curves are 0.7,

0.4, 0.71, and 0.01, respectively (from upper left to lower right panel). Note that

4 x T' was plotted for visualization.

o Fig. 3a: Local correlation coefficient between the timeseries of T _ and rf.

Fig. 3b: The correlation coefficient between fields of T' and _' such as shown in

Fig. 1 plotted as a function of time. The solid line represents data from north of

20°N, while the dotted line is based on all data north of 50°S.

,

.

Fig. 4: Global frequency - wavenumber spectrum of sea surface temperature,

computed from a spherical harmonic expansion.

Fig. 5 (a) Global average frequency spectrum of SST, obtained by summing

over all wavenumbers. (b): Global average wavenumber spectrum, obtained by

summing over all frequencies.

o

o

Fig. 6: Persistence of sea surface temperature anomalies defined as e-folding

decay time, computed for each l°x l°grid box from 10-day averages.

Fig. 7: SST, its auto-covariance and power spectral density for three locations

in the mid-latitude North Atlantic, South Pacific and equatorial Pacific.
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8. Fig. 8: Spatial patterns of the first 4 global EOF modes of sea surface height

and temperature, computed from T/P cycles 1-156.

9. Fig. 9: Time series of the first 4 EOF modes corresponding to the spatial patterns

in Fig. 8.

10. Fig. 10: Time - longitude sections of _?_along various latitudes in the North

Pacific: 5.5°N, 15.5°N, 25.5°N, and 37.5°N.

11. Fig. 11: Time - longitude sections of T _ along various latitudes in the North

Pacific: 5.5°N, 15.5°N, 25.5°N, and 37.5°N.

12. Fig. 12: Time - longitude sections of rf and T _ along various latitudes in the

South Pacific: 5.5°S, 12.5°S, 25.5°S, and 37.5°S.

13. Fig. 13: Time - longitude sections of rf and T _ along various latitudes in the

North Atlantic: 3.5°N, 15.5°N, 28.5°N, and 35.5°N.

14. Fig. 14 Root-mean-square variability of sea level (red) and temperature (blue).

15. Fig. 15: Mean meridional temperature gradient averaged over boreal winter

(blue) and summer months (red).

16. Fig. 16: Observed frequency - wavenumber power spectral density • of sea level

(top) and temperature (middle) for each of the four North Pacific sections. The

true spectrum lies within 0.62 • ¢ and 1.91. _ with 95% confidence. The solid

line represents the first mode Rossby wave dispersion curve for a zero mean zonal

current. The dashed line shows the effect of including a ship-drift based estimate

of the annual mean zonal flow. Units are in cm2/(cyc.year -1 • cyc.1000km -1) for

SSH and °C2/(cyc.year -1 • cyc.1000km -1) for SST. The bottom panels show the

predicted SST power spectral density.
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17. Fig. 17: As in Fig. 16, but for the South Pacific.

18. Fig. 18: Squared coherence, phase lag and gain between SSH and SST for the

wavenumber - frequency combinations with the highest significant coherence. The

lines again represent the first mode Rossby wave dispersion curves.

19. Fig. 19: Time - longitude plots of the 'small-scale' contributions from the differ-

ent terms in the mixed-layer temperature equation: temperature tendency (OtT'),

anomalous geostrophic flow field (-v_T_), Ekman pumping (-weAT/h), tem-

perature (T'), Ekman transport (-ueVT), and net surface heat flux (Q'/(p%h)).

Units are °C s -1, except for the temperature (°C).
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